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COOLING THE END PORTION OF A TUBE BUNDLE REACTOR FOR THE PARTIAL
OXIDATION OF METHACROLEIN

Field of the invention

In general, the present invention relates to the production of methacrylic acid through the par-
tial oxidation of methacrolein in a tube bundle reactor. In particular, the present invention re-
lates to a device and method for cooling the methacrylic acid and remaining methacrolein after
the partial oxidation step has been carried out in order to suppress autoxidation and postcom-
bustion, or the like, in particular other undesired side reactions. The present invention further
relates to the products, notably methacrylic acid and the downstream product methyl methacry-
late, that are obtained by the aforementioned device and method, the polymerisation of methyl
methacrylate and the use of these products in producing a polymer, notably polymethyl meth-
acrylate.

Background

Methyl methacrylate is a widely used chemical product, with several million tonnes produced
worldwide every year. Various production processes are known for producing methyl methac-
rylate, as summarised in Krill, Offermanns, and Riihling (2019), Chem. Unserer Zeit, S3. One
example of these processes is the so-called C4 process wherein isobutylene or tertiary butyl-
alcohol is partially oxidised in the presence of a suitable catalyst to obtain methacrolein, which
in turn is then partially oxidised in the presence of another suitable catalyst to obtain meth-
acrylic acid. In a further step, the methacrylic acid can be esterified with methanol to obtain

methyl methacrylate.

It is well known in the art that partial oxidation processes can be performed using a tube bun-
dle reactor. An often-challenging aspect of operating a tube bundle reactor is regulating the
temperatures of the feed stream prior to, and the product stream after the partial oxidation step.
Some inventions have been published dealing with this challenging objective, including the

following:
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The object of the invention disclosed in DE 30 42 468 Al is the cooling of acrolein obtained
by partial oxidation in a tube bundle reactor. This is achieved by dividing the tubes of the tube
bundle reactor into an additional longitudinal portion and a further longitudinal portion, with
the latter downstream to the former. The additional longitudinal portion is filled with a solid
catalyst, while the further longitudinal portion is filled with a particulated solid material that
serves the purpose of intensifying cooling the acrolein produced in the additional longitudinal
portion. An important aspect of the disclosure is that the temperatures of the additional longi-
tudinal portion and the further longitudinal portion are independently regulated by secondary

cooling with a cooling medium, preferably a molten salt mixture or highly heat resistant oil.

A related teaching is provided by DE 100 47 693 A1, wherein the extension of the lifetime of a
catalyst in a tube bundle reactor is addressed. The aforementioned document teaches to place
a particulated solid material in the tubes, as well as in an inlet volume and an outlet volume.
The inlet volume and the outlet volume are immediately outside and adjacent to the ends of the
tubes. DE 100 47 693 A1, however, does not address the reduction of the negative impact and

harm on the reactor itself.

Another approach to regulate the temperature is disclosed in DE 198 06 810 A1, with this ap-
plication focusing on regulating the temperature of the feed stream prior to it flowing into the
tubes. This is achieved by insulating the ends of the tubes at the gas-inflowing side from the
gas itself, as the aforementioned ends are generally a very hot part of the reactor which con-

tributes to the heat stream.

Even with the implementation of the above-mentioned disclosures, regulating the temperature
of the feed and product streams in a tube bundle reactor remains challenging. This is not only

important for productivity, but also for safely operating a tube bundle reactor.
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Objects

An object of the present invention is to at least partially overcome at least one of the disad-

vantages encountered in the state of the art.

It is a further object of the invention to provide a device for cooling a partially oxidised prod-
uct stream.

It is a further object of the invention to provide a device, used for partially oxidising a product
stream, that requires less downtime for maintenance.

It is a further object of the invention to provide a device, used for partially oxidising a product
stream, that has improved safety.

It is a further object of the invention to provide a device, used for partially oxidising a product
stream, that has increased productivity.

It is a further object of the invention to provide a device, used for partially oxidising a product
stream, that can be used safely at higher temperature.

It is a further object of the invention to provide a device, used for partially oxidising a product
stream, which can be used more safely and with increased productivity, even when a used or
already somewhat deactivated catalyst is employed.

It is a further objective of the invention to provide a method for cooling a partially oxidised
product stream when the product stream is no longer in contact with a solid catalyst.

It is a further objective of the invention to provide a method for cooling a partially oxidised

product stream in order to suppress autoxidation.
It is a further objective of the invention to provide a method for cooling a partially oxidised
product stream to a temperature that is below the autoxidation temperature of the partially oxi-

dised product stream.

Preferred embodiments of the invention

A contribution to at least partially fulfilling at least one of the above-mentioned objects is
made by the independent embodiments. The dependent embodiments provide preferred em-

bodiments which contribute to at least partially fulfilling at least one of the objects.
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1| A reactor assembly arranged in fluid communication comprising a first reactor for the
partial oxidation of a C3 — Cs aldehyde, preferably acrolein, more preferably methacro-
lein, the first reactor comprising as reactor components
a) a first inlet;
b) downstream the first inlet an inlet volume;
¢) downstream the inlet volume a first metal plate;
d) downstream the first metal plate a further metal plate;
e) downstream the further metal plate an outlet volume;
f) downstream the outlet volume a first outlet;
g) a plurality of tubes with a tube length, wherein each of the tubes
(1) 1s located between the inlet volume and the outlet volume,
(i1) comprises an inlet-end,
(111) comprises an outlet-end,
(1v) comprises an outer surface,
(v) comprises an inner surface,
(vi) comprises an inner volume confined by the inner surface of the tube;
and wherein at least 50 %, preferably at least 80 %, and more preferably at least
90 % of the tubes each
[I] comprise a first longitudinal portion, wherein the first longitudinal por-
tion is positioned in the first metal plate,
[Il] comprise an additional longitudinal portion, wherein the additional lon-
gitudinal portion
(a) 1s arranged downstream the first longitudinal portion, and
(b) comprises a first solid catalyst,
[l comprise a further longitudinal portion, wherein the further longitudinal
portion
A) is arranged downstream the additional longitudinal portion,

B) is positioned in the further metal plate,
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C) comprises an inert particulated solid material, wherein the partic-
ulated solid material
(I) is adapted and arranged to dissipate heat,
(IT) 1s gas-permeably adapted and arranged;

h) a liquid cooling aid, wherein a portion of the outer surfaces of the tubes are ar-
ranged and adapted to be contacted with the liquid cooling aid, with the portion
being at least 50 %, preferably at least 70 %, more preferably at least 80 %, and
further preferably at least 90 % of the length of the additional longitudinal por-
tion;

and wherein,
an average thickness of any layer comprising the particulated solid material present in the
outlet volume, the inlet volume, or both, is less than 10 %, preferably less than 5 %, and

more preferably less than 3 % of the average length of the further longitudinal portions.

12| The reactor assembly according to embodiment |1|, wherein at least one or all of the
following applies:

a) the mass percentage of the particulated solid material present in the first longi-
tudinal portion is less than 5 wt-%, preferably less than 3 wt-%, and more pref-
erably less than 1 wt-%, based on the total mass of the particulated solid materi-
al contained in the tube;

b) the mass percentage of the first solid catalyst contained in the first longitudinal
portion is less than 5 wt-%, preferably less than 3 wt-%, and more preferably
less than 1 wt-%, based on the total mass of the first solid catalyst contained in

the tube.

For embodiment |2|, all possible combination of the features a. and b. are preferred aspects of

the embodiment. These combinations are e.g., a; b; a, b.

13| The reactor assembly according to any of the preceding embodiments, wherein at least

30 %, preferably at least 50 %, more preferably at least 80 %, and further preferably at
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|4

15l

6]

7l

18

19l

least 90 % of the length of the further longitudinal portions is embedded in the further

metal plate.

The reactor assembly according to any of the preceding embodiments, wherein at least
30 %, preferably at least 50 %, more preferably at least 80 %, and further preferably at
least 90 % of the length of the first longitudinal portions is embedded in the first metal
plate.

The reactor assembly according to any of the preceding embodiments, wherein the ad-
ditional longitudinal portion has at least twice, preferably at least 10 times, and more
preferably at least 30 times the length of the further longitudinal portion. In many cas-
es, the length of the additional longitudinal portion does not exceed 100 times the

length of the further longitudinal portion.

The reactor assembly according to any of the preceding embodiments, wherein the ad-
ditional longitudinal portion has at least twice, preferably at least 10 times, and more
preferably at least 30 times the length of the first longitudinal portion. In many cases,
the length of the additional longitudinal portion does not exceed 110 times the length of

the first longitudinal portion.

The reactor assembly according to any of the preceding embodiments, wherein the fur-

ther longitudinal portions are in thermal contact with the further metal plate.

The reactor assembly according to any of the preceding embodiments wherein the fur-

ther metal plate is in thermal contact with the liquid cooling aid.

The reactor assembly according to any of the preceding embodiments, wherein at least
one or all of the following applies:
a) the mass percentage of the first solid catalyst contained in the additional longi-

tudinal portion is more than 50 wt-%, preferably more than 70 wt-%, and more
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preferably more than 85 wt-%, based on the total mass of the first solid catalyst
contained in the tube;

b) the ratio of a mass of the solid first catalyst to a mass of the particulated solid
material, both contained in the further longitudinal portion, is 1:x, where x is at
least 10, preferably at least 100, and more preferably at least 500. Here x repre-

sents the mass of the particulated solid material.

For embodiment |9, all possible combination of the features a. and b. are preferred aspects of

the embodiment. These combinations are e.g., a; b; a, b.

|10  The reactor assembly according to any of the preceding embodiments, wherein the par-
ticulated solid material comprises one or more components selected from the group
consisting of metals and metal oxides, preferably a mixture of at least two components

selected from the aforementioned group.

[11]  The reactor assembly according to any of the preceding embodiments, wherein the par-
ticulated solid material is selected from the group consisting of aluminium, copper,
steel, silicon oxide, aluminium oxide, zircon oxide, sandstone, granite, or a combina-

tion of two or more thereof, such as ceramics.

[12|  The reactor assembly according to any of the preceding embodiments, wherein the par-
ticulated solid material has at least one or all of the following physical properties:

a) thermal conductivity in the range of 0.01 W/m/°C to 500 W/nv/°C, preferably in
the range of 0.05 W/m/°C to 450 W/nv/°C, and more preferably in the range of
0.1 W/m/°C to 400 W/m/°C;

b) specific geometric surface area in the range of 20 m?*/m’ to 2000 m*/m’, more
preferably in the range of 100 m*/m® to 1500 m?/m’, and further preferably in
the range of 800 m*m?’ to 1200 m?/m?;

c¢) free volume in the range of 24 % to 99 %, preferably in the range of 30 % to 99
%, and further preferably in the range of 35 % to 99 %; or
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d) particle size distribution in the range of 0.01 mm to 100 mm, preferably in the
range of 0.05 mm to 50 mm, and more preferably in the range of 0.1 mm to 30

min.

For embodiment |12], all possible combination of the features a. to d. are preferred aspects of

the embodiment. These combinations are e.g., a; b; ¢; d; a, b; a,c;a,d; b,c; b,d; c,d;a, b, c;

a,b,d;a,c,d;b,c,d;a,b,c,d.

13|

The reactor assembly according to any of the preceding embodiments, wherein at least
one or all of the following properties apply to at least 50 %, preferably at least 80 %,
and more preferably at least 95 % of the tubes:
a) the tube length is in the range of 1000 mm to 15000 mm, preferably in the range
0of 2000 mm to 9000 mm, and more preferably in the range of 3000 mm to 6000
mm;
b) the diameter of the inner surface in the range of 10 mm to 100 mm, preferably
in the range of 12 mm to 50 mm, or more preferably in the range of 18 mm to
46 mm; or

c¢) the tubes are arranged parallel to each other.

For embodiment |13, all possible combination of the features a. to c. are preferred aspects of

the embodiment. These combinations are e.g., a; b; ¢; a, b; a, c; b, c; a, b, c.

|14]

|15]

The reactor assembly according to any of the preceding embodiments, wherein the lig-
uid cooling aid has a temperature in the range of 150 °C to 420 °C, preferably in the
range of 200 °C to 370 °C, and more preferably in the range of 230 °C to 360 °C.

The reactor assembly according to any of the preceding embodiments, wherein the first
metal plate, the further metal plate, or both, have independently from each other a
thickness in the range of 10 mm to 300 mm, preferably in the range of 15 mm to 180

mm, and more preferably in the range of 20 mm to 160 mm. In one aspect of this em-
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18]

|19]

bodiment, it is preferred that the first longitudinal portion has a length in the range of
0.5 to 4, preferably in the range of 0.6 to 3.2, and more preferably in the range of 0.7 to
2.9 times the thickness of the first metal plate. In another aspect of this embodiment it
is preferred that the further longitudinal portion has a length in the range of 0.5 to 4,
preferably in the range of 0.6 to 3.2, and more preferably in the range of 0.7 to 2.9
times the thickness of the further metal plate.

The reactor assembly according to any of the preceding embodiments wherein the lig-
uid cooling aid flows into the first reactor through at least one inflow-opening, and out

of the first reactor through at least one outflow-opening.

The reactor assembly according to any of the preceding embodiments, wherein the first
longitudinal portion, the additional longitudinal portion, and the further longitudinal
portion cover at least 50 %, preferably at least 65 %, more preferably at least 80 %, and
further preferably at least 90 % of the tube length.

The reactor assembly according to any of the preceding embodiments, wherein the first
solid catalyst is selected from the group consisting of mixed metal oxides or a combi-

nation of at least two thereof.

The reactor assembly according to any of the preceding embodiments, wherein the re-
actor assembly further comprises a second reactor,
a. wherein the second reactor is located upstream of the first reactor;
b. wherein the second reactor comprises
1. asecond inlet,
il. a second outlet that is in fluid communication with the first inlet of the
first reactor,
iii. a second catalytic reaction zone that is located between the second inlet

and the second outlet,
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a.) wherein the second reaction zone comprises a second solid cata-
lyst,

b.) wherein the second solid catalyst is arranged and adapted for par-
tially oxidising a gaseous composition having an aldehyde pre-
cursor content of at least 2 vol-%, preferably at least 2.5 vol-%,
and more preferably at least 3 vol-%, to an aldehyde with a se-
lectivity of at least 70 %, preferably at least 75 %, and more pre-
fer-ably at least 80 %, based on the unsaturated hydrocarbon

content.

|20  The reactor assembly according to the preceding embodiment |19|, wherein the alde-
hyde precursor is sclected from the group consisting of isobutylene, methyl tert-butyl

ether, and tertiary butyl alcohol, or a combination of at least two thereof.

|21]  The reactor assembly according to any of the preceding embodiments |19| to [20],
wherein the second solid catalyst is selected from the group consisting of mixed metal

oxides or a combination of at least two thereof.

|22|  The reactor assembly according to any of the preceding embodiments, wherein the as-
sembly reactor further comprises a third reactor,
a. wherein the third reactor is located downstream of the first reactor;
b. wherein the third reactor comprises
1. a third inlet that is in fluid communication with the first outlet of the first
reactor,
ii. a third outlet,
iil. a third catalytic zone that is located between the third inlet and the third
outlet,
a.) wherein the third catalytic zone comprises a third catalyst,
b.) wherein the third catalyst is arranged and adapted for esterifying

a composition, preferably a liquid composition, having a C3 —

-10 -
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23]

24]

23]

C6 carboxylic acid component of at least 30 vol-%, preferably at
least 45 vol-%, and more preferably at least 55 vol-%, to an alkyl
ester, preferably an alk-alkyl ester, more preferably a meth-alkyl
ester and further preferred methyl methacrylate.

The reactor assembly according to the preceding embodiment |22|, wherein the third
catalyst is selected from the group consisting of an ion exchanger or a Lewis acid, more
preferably an acidic ion exchange resin or acids capable of catalysing esterification, or

a combination of at least two thereof.

The reactor assembly according to any of the preceding claims, wherein the reactor

assembly comprises a gas cooler connected to the first outlet.

A method for producing a product, preferably a polymer or an unsaturated alkyl car-
boxylic compound, more preferably an unsaturated alkyl carboxylic acid or an unsatu-
rated alkyl ester, further preferably an alk alkyl ester, even more preferably a meth al-
kyl ester, and in particular preferred methyl methacrylate, wherein the method com-
prises the following process steps:

a) providing a gaseous feed stream, wherein the feed stream comprises an Cz — Ce
aldehyde;

b) partially oxidising the C3 — Cs aldehyde in the feed stream in the presence of a
solid catalyst to obtain a first product stream comprising a partial oxidation
product, wherein the partial oxidation is performed along an additional longitu-
dinal portion, and

¢) cooling the first product stream along a further longitudinal portion, preferably
to a temperature below 350 °C, more preferably below 340 °C, further prefera-
bly below 330 °C and even more preferably below 320 °C, wherein

(1) the further longitudinal portion comprises a particulated solid material,
(i1) the temperature of the product stream in the further longitudinal portion

decreases at a rate R,; and

-11 -
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30]

31]

wherein
R, is larger than a rate of temperature decrease R., wherein the rate R, is for a sce-
nario where the further longitudinal portion does not comprise the particulated sol-

1d material.

The method according to embodiment |25|, wherein R, is at least 2 times larger, prefer-
ably at least 5 times larger, more preferably at least 10 time larger, and further prefera-

bly at least 21 times larger than R..

The method according to any of the embodiments 25| to [26], wherein the rate R, is in
the range of 0.1 °C/cm to 5 °C/cm, preferably in the range of 0.2 °C/cm to 2.5 °C/cm,
and more preferably in the range of 0.6 °C/cm to 1.6 °C/cm.

The method according to any of the embodiments [25]| to |27|, wherein the temperature
of the first product stream that exits the further longitudinal portion is below the autox-

idation temperature of the first product stream.

The method according to any of the embodiments |25| to|28|, wherein the temperature
of the first product stream that exits the further longitudinal portion is in the range of >
230 °C to 360 °C, preferably in the range of 270 °C to 335 °C, and more preferably in
the range of 295 °C to 320 °C.

The method according to any of the embodiments |25| to [29], wherein the temperature
of the first product stream that enters the further longitudinal portion is in the range of
250 °C to 400 °C, preferably in the range of 260 °C to 390 °C, and more preferably in
the range of 280 °C to 380 °C.

The method according to any of the embodiments [25]| to |30|, wherein the temperature

of the feed stream that enters the first longitudinal portion is in the range of 180 °C to

-12 -
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32|

33|

34]

33]

36]

37|

300 °C, preferably in the range of 200 °C to 280 °C, and more preferably in the range
0f220 °C to 260 °C.

The method according to any of the embodiments |25] to |31|, wherein the pressure de-
crease between the inlet volume and the outlet volume is in the range of 100 mbar to
350 mbar, preferably in the range of 130 mbar to 300 mbar, and more preferably in the
range of 150 mbar to 280 mbar.

The method according to any of the embodiments |25| to |32|, wherein the average ve-
locity of the first product stream in the further longitudinal portion is in the range of 0.5
m/s to 12 m/s, preferably in the range in the range of 0.8 m/s to 11.5 m/s, and more
preferably in the range of 1.0 m/s to 11 nv/s.

The method according to any of the embodiments |25| to |32|, wherein the product
stream that exits the first outlet is fed into a gas cooler and wherein the temperature of
the product stream that exits the gas cooler is in the range of 160 °C to 280 °C, prefera-
bly in the range of 190 °C to 270 °C, and more preferably in the range of 200 °C to 260
°C.

The method according to any of the embodiments [25| to 33|, wherein the C3 — C¢ alde-
hyde is present in the first product stream in an amount in the range of 0.1 % to 10 %,
preferably in the range of 0.3 % to 7 %, more preferably in the range of 0.5 % to 5 %,
and further preferably in the range of 0.7 % to 4 %, based on the amount of C; — Cs al-
dehyde in the feed stream.

The method according to any of the embodiments |25| to 35|, wherein the C3 — Cs alde-

hyde is acrolein, preferably methacrolein.

The method according to any of the embodiments |25| to [36|, wherein the product is

methacrylic acid or methyl methacrylate.

-13-
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|38]  The method according to any of the embodiments |25] to [37|, wherein the feed stream

comprises

a)

b)

¢)

d)

at least 2 mol-%, preferably at least 2.5 mol-%, and more preferably at least 3
mol-% unsaturated C; — C¢ aldehyde, preferably methacrolein;

mol-% water that is at least 2 times larger, preferably at least 3 times larger,
more preferably at least 4 times larger than the vol-% Cs — Cs aldehyde;

mol-% oxygen that is 2 to 3.5 times larger, preferably 2.2 to 3.3 times larger,
more preferably 2.4 to 3.2 times larger, than the vol-% Cs — Cg aldehyde;

less than 3 mol-%, preferably less than 1.5 mol-%, more preferably less than 1

mol-% unsaturated C; — Cg carboxylic acid, preferably methacrylic acid;

wherein the sum of the vol-% of the components of the feed stream being equal to

100 vol-%.

The method according to any of the embodiments |25| to |38|, wherein the first product

stream further comprises as components

a) not more than 10 vol-%, preferably not more than 18 vol-%, and more prefera-

bly not more than 20 vol-%, water;

b) not more than 5 vol-%, preferably not more than 7 vol-%, and more preferably

©)

not more than 10 vol-%, oxygen;

at least 0.5 vol-%, preferably at least 1.0 vol-%, more preferably at least 1.5 vol-
%, and further preferably at least 1.8 vol-% unsaturated C; — Cs carboxylic acid,
preferably methacrylic acid;

d) not more than 2 vol-%, preferably not more than 1.5 vol-%, more preferably not

more than 1.2 vol-%, and further preferably not more than 0.6 vol-% acetic ac-

1d;

e) not more than 0.9 vol-%, preferably not more than 1 vol-%, and more preferably

not more than 1.1 vol-%, (meth)acrolein;

wherein the sum of the vol-% of the components of the first product stream being

equal to 100 vol-%.

-14-
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|40]

[41]

42|

[43]

|44]

[43]

|46]

|47]

The method according to any of the embodiments 25| to |39|, wherein the additional

longitudinal portion and the further longitudinal portion are located in a tube.

The method according to any of the embodiments |25| to |40|, wherein the further longi-

tudinal portion is adjacent to the additional longitudinal portion.

The method according to any of the embodiments |25| to 41|, wherein the first product
stream is subjected to an esterification reaction in order to obtain the product in the

form of an unsaturated alkyl ester, preferably methyl methacrylate.

The method according to embodiment |42|, wherein the unsaturated alkyl ester is sub-

jected to at least one purification step.

The method according to any of the embodiments |[42| and 43|, wherein the unsaturated
alkyl ester is subjected to a polymerisation reaction in order to obtain the product in

form of a polymer, preferably poly methyl methacrylate.

A use of an unsaturated alkyl ester obtainable by a method according to embodiments

|42| to |44| for making a polymer.

A polymer obtainable by a method according to embodiment |45].

A use of the polymer according to embodiment [46| in an item selected from the group
consisting of shaped articles, moulding materials, films, sheets, granulates, composites,
foams, fibres, lubricants, adhesives, thickening agents, suspending agents, flocculants,
resins, plastics, coatings, contact lenses, construction materials, absorbent materials,
pharmaceuticals, materials for controlled release of active substances, powders, or a

combination of at least two thereof.

Detailed description of the invention

- 15 -
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In this section selected aspects of preferred embodiments of the invention are discussed in

more detail.

The first reactor

As is well-known to a person skilled in the art, tube bundle reactors are particularly suitable for
partially oxidising a gaseous feed stream on a catalyst to obtain a product stream. Such reac-
tors are commercially available, e.g., from Deggendorfer Werft, Germany, or from IHI Corpo-
ration, Japan. Due to their ubiquitous use and commercial availability, operating a tube bundle

reactor 1s generally well within the knowledge of a person skilled in the art.

In the context of the present invention, the term “feed stream ™ refers to the gaseous mixture of
chemical compounds and single chemical elements prior to the start of partial oxidation, pref-
erably prior to contact with a catalyst.

In the context of the present invention, the term “product stream”, or similar phrases, should
be understood to mean that the feed stream has come into contact with a catalyst, and that par-

tial oxidation of at least one of the comprising components of the feed stream has started.

A first aspect of the invention is a reactor assembly that comprises a first reactor for the partial
oxidation of a feed stream to a product stream. The first reactor is a commercially available
tube bundle reactor that has been modified with the purpose of cooling the product stream in

order to suppress further oxidation (also called “autoxidation™).

Autoxidation is an incomplete and uncontrolled oxidation which produces carbon residues
which tend to clog the reactor. As a result, the yield of the reactor is decreased. Autoxidation
strongly depends on the pressure and the temperature, and even more on the concentration of
the main component in the product stream susceptible to autoxidation (e.g., (meth)acrolein).
Moreover, the O2 concentration and residence time of the reactants also impacts autoxidation.
At concentrations above 3 vol-%, (meth)acrolein autoxidation has been observed at 240 °C or

higher. At 1 vol-%, (meth)acrolein autoxidation has been observed at 315 °C or higher.

-16 -
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In another aspect of the invention, the first reactor comprises a first inlet that allows a feed
stream to flow into, and a first outlet that allows a product stream to flow out of, the first reac-

tor.

According to a further aspect of the invention, located between the first inlet and the first outlet
is a plurality of tubes, with every tube comprising an inlet-end that allows the feed stream to
flow into the tube, and an outlet-end that allows the product stream to flow out of the tube. In
another aspect of the invention, every tube has an outer surface, as well as an inner surface that

confines an inner volume of the tube.

According to a further aspect of the invention, at least a portion of the outer surfaces of the
tubes are immersed in, and in thermal contact with, a liquid cooling aid. The phrase “in ther-
mal contact” should be understood to mean that heat can flow between any number of compo-
nents that are in thermal contact with each other. It is preferred that the any number of com-

ponents that are “in thermal contact” with each other also touch each other.

In one aspect of the invention, at least 50 % of the tubes further comprise an additional longi-
tudinal portion and a further longitudinal portion, with the latter downstream to the former. It
is preferred in this aspect that the inner volume of the additional longitudinal portion is at least
partially filled with a first solid catalyst suitable for the partial oxidation of the feed stream to
the product stream. It is in particular preferred in this aspect that the inner volume of the fur-
ther longitudinal portion is at least partially filled with an inert particulated solid material that
is arranged and adapted to dissipate heat. In this aspect it is also preferred that the inner vol-
ume of the additional longitudinal portion is at least partially filled with a mixture of the first

solid catalyst and the particulated solid material.
The term “inert” should be understood to mean that the presence of the particulated solid ma-

terial does not lead to any measurable change in the composition of the feed stream or the

product stream.

-17 -
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The phrase “dissipate heat” should be taken to mean that the product stream is in thermal con-
tact with the particulated solid material, and that this leads to the product stream being cooled
more rapidly compared to a scenario wherein the product stream is not in contact with the par-
ticulated solid material. E.g., a temperature of the product stream in a centre of the further
longitudinal portion is higher than a temperature of the product stream that flows along a side
wall of the further longitudinal portion. The particulated solid material dissipates heat by
transferring heat from the centre of the further longitudinal portion to the side wall of the fur-

ther longitudinal portion.

In a further aspect of the invention, it is preferred that at least 50 % of the tubes comprise a
first longitudinal portion. In this aspect it is further preferred that the first longitudinal portion
is upstream the additional longitudinal portion. While the first longitudinal portion can be at
least partially filled with the first solid catalyst, it is more preferred that the first longitudinal
portion does not contain any first solid catalyst. While the first longitudinal portion can be at
least partially filled with the particulated solid material, it is more preferred that the first longi-
tudinal portion does not contain any particulated solid material. It is particularly preferred that
the first longitudinal portion does not contain any first solid catalyst or any particulated solid

material.

In the context of the present invention, a longitudinal portion comprises two end points. The
two end points are characterised as the positions where a ratio of a mass of the first solid cata-
lyst to a mass of the particulated solid material changes by more than 30 %. It should be noted
that two adjacent longitudinal portions will share an end point. As an example, consider a tube
that has the first longitudinal portion, the additional longitudinal portion, and the further longi-
tudinal portion. Furthermore, the first longitudinal portion and the additional longitudinal por-
tion are adjacent to each other, while the additional longitudinal portion and the further longi-

tudinal portion are adjacent to each other. Next, consider the two example set-ups:
1. the first longitudinal portion is empty, the additional longitudinal portion is filled with
only the first solid catalyst, and the further longitudinal portion is filled with only the

particulated solid material;
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ii. the first longitudinal portion is filled with only the particulated solid material, the addi-
tional longitudinal portion is filled with a mixture of the first solid catalyst and the par-
ticulated solid material, and the further longitudinal portion is filled with only the par-
ticulated solid material.

In both these set-ups it is clear that the ratio of the mass of the of the first solid catalyst to the
mass of the particulated solid material changes by more than 20 % between two adjacent longi-

tudinal portions.

In one aspect of the invention, the first reactor comprises a first metal plate. In this aspect it is
preferred that the first metal plate is made from stainless steel or carbon steel. In another as-
pect of the invention, the first reactor comprises a further metal plate. In this aspect it is pre-

ferred that the further metal plate is made from stainless steel or carbon steel.

According to an aspect of the invention, a further metal plate is arranged and adapted to allow
the further longitudinal portion to be positioned in the further metal plate. In this aspect it is
preferred that the further longitudinal portion passes through the further metal plate: e.g., a
length of the further longitudinal portion is longer than a thickness of the further metal plate;
e.g., the further longitudinal portion extends through the further metal plate into the outlet vol-
ume. However, it is more preferred that the outlet-end of the tube is flush with a surface of the
further metal plate, further preferable a surface of the further metal plate that does not touch
the liquid cooling aid. The preferred embodiments disclosed in this paragraph is also pre-
ferred, mutatis mutandis, for the aspect of the invention wherein the first metal plate is ar-
ranged and adapted to allow the first longitudinal portion to be positioned in the first metal

plate. It is also preferred that the metal plate is made from stainless steel or carbon steel.

In another aspect of the invention, the first reactor further comprises two volumes associated
with the first inlet and the first outlet: the inlet-ends of the tubes and the first inlet confine an
inlet volume, while the outlet-ends of the tubes and the first outlet confine an outlet volume.
According to an aspect of the invention, the first inlet, the inlet volume, the tubes, the outlet

volume, and the first outlet, are in fluid communication with each other.
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The term “fluid” should be understood to mean any element, compound, or physical matter
that is in the gaseous or liquid thermodynamic phases of matter. A “fluid” can be at least one
of a liquid, a gas, a vapour, a supercritical fluid, or any other fluid. E.g., water vapour, the

gaseous feed stream, and salt dissolved in water are considered as examples of a “fluid”.

The phrase “in fluid communication” should be understood to mean that a fluid can flow from
a first component of a first device to any other component of the first device or a further device
that is “in _fluid communication” with the first component of the first device. E.g., a first par-
tial oxidation reactor and a third esterification reactor are “in fluid communication” if a fluid
can flow from the first reactor to the third reactor, or vice versa. E.g., a first partial oxidation
reactor contains a volume between the tubes, with this volume filled with a liquid cooling aid.
This volume is not “in fluid communication” with, e.g., the first outlet of the first reactor, as a

fluid cannot flow from this volume to the first outlet.

It should be noted that components that are “in fluid communication” with each other does not
imply that the components have to be adjacent to each other. E.g., between a first partial oxi-
dation reactor and a third esterification reactor that are “in fluid communication”, there can be
e.g., devices used for cooling and purifying the product stream produced in the first reactor,

prior to the product stream flowing into the third reactor.

The tubes

In the context of the present invention, the term “fube” refers to any number of components of
a device capable of directing the streamlines of a fluid. It is preferred that the “tube” has an
opening at both ends. It is also preferred that a “fube” has an enclosed inner volume through
which a fluid can flow, that the inner volume can be filled with a material such as a solid cata-

lyst, or both.

It is not a requirement that the components of a “tfube” should be adjacent to each other, only

that the components should be in fluid communication. E.g., “a fube” can refer to two pipes
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and a further metal plate placed between the pipes, wherein the further metal plate has a hol-
low that extends through the further metal plate. A fluid can thus flow through one pipe, via
the hollow in the further metal plate, into the second pipe.

With regards to a number of the aspects of the invention related to the tubes, the following
should be noted: while there is no particular limitation to the shape of the tubes, straight tubes
are preferred. It is also preferred that the tubes have a circular cross-section. It is also pre-
ferred that the additional longitudinal portion and the further longitudinal portion are adjacent
to each other. It is further preferred that the first longitudinal portion is adjacent to the addi-

tional longitudinal portion.

It is preferred that the length of a first longitudinal portion does not differ by more than 20 %,
preferably by not more than 15 %, and more preferably by not more than 10 % from the aver-
age length of the first longitudinal portions. It is preferred that the length of an additional lon-
gitudinal portion does not differ by more than 18 %, preferably by not more than 12 %, and
more preferably by not more than 6 % from the average length of the additional longitudinal
portions. It is preferred that the length of a further longitudinal portion does not differ by more
than 20 %, preferably by not more than 15 %, and more preferably by not more than 10 %
from the average length of the further longitudinal portions.

It is preferred in an aspect of the present invention that the length of the additional longitudinal
portion is in the range of 0.5 to 0.98, preferably in the range of 0.6 to 0.97, and further prefera-
bly in the range of 0.8 to 0.95 times the tube length. It is preferred that the length of the further
longitudinal portion is smaller than the length of the additional longitudinal portion. It is more
preferred that the length of the further longitudinal portion is in the range of 40 mm to 300
mm, further preferably in the range of 60 mm to 280 mm, and even further preferably in the
range of 90 mm to 250 mm. It is preferred that the length of the first longitudinal portion is
smaller than the length of the additional longitudinal portion. It is more preferred that the
length of the first longitudinal portion is in the range of 40 mm to 200 mm, further preferably
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in the range of 60 mm to 180 mm, and even further preferably in the range of 90 mm to 150

mm.

The outlet volume

It is possible that at least one layer comprising particulated solid material can be present in the
inlet volume, the outlet volume, or both. This layer can be e.g., in the form of a sheet with
uniform thickness that covers the outlet-ends of the tubes and an outer surface of the further
metal plate. The sheet can be subdivided into sections, wherein every section is filled with the
particulated solid material in the shape of, for example, weaves. E.g., in the form of heaps of
particulated solid material that cover only the outlet-ends. Here the outer surface of the further
metal plate is defined as a surface of the further metal plate that does not touch the liquid cool-
ing aid.

It is preferred that the average thickness of the layer in the outlet volume is less than 200 mm,
more preferably less than 100 mm, and further preferably less than 50 mm. It is even further
preferred that the outlet volume does not contain any particulated solid material. It is preferred
that the average thickness of the layer in the inlet volume is less than 200 mm, more preferably
less than 100 mm, and further preferably less than 50 mm. It is even further preferred that the
inlet volume does not contain any particulated solid material. It is particularly preferred that

both the inlet volume and the outlet volume do not contain any particulated solid material.

The first catalyst

According to an aspect of the invention, the additional longitudinal portion is filled with a first
solid catalyst that is capable of partially oxidising the feed stream. Many solid catalysts suita-
ble for this purpose are generally known to the person skilled in the art. Amongst these, solid
catalysts suitable for the partial oxidation of a C3 — Cs aldehyde to a carboxylic acid are pre-
ferred. More preferred are solid catalysts comprising a metal oxide, and further preferred are

catalysts comprising mixed metal oxides.

Examples of suitable catalysts include those described in detail in WO 2008/145418 Al, WO
2004/073857 Al, WO 2019/141203 Al and US 5,583,084, with WO 2019/141203 Al being
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preferred. It is also preferred not to limit the choice of suitable catalyst to a single catalyst, and

a mixture comprising any number of suitable catalysts can be used.

The particulated solid material

According to an aspect of the invention, the further longitudinal portion is filled with a particu-
lated solid material that is arranged and adapted to dissipate heat. The choice of particulated
solid material is not especially limited, with many suitable examples generally known to a per-
son skilled in the art. These examples include oxides, sulphides, nitrides, carbides, carbonates
and silicates of alkali metals, alkaline carth metals and transition metals, as well as the metals,
semi-metals and non-metals of the main groups III, IV, and V of the periodic table, and their

mixtures.

Examples of preferred choices include magnesium oxide, calcium oxide, a-alumina, v-
alumina, silicon dioxide, titanium dioxide, zinc oxide, silicon nitride, aluminium silicates, ce-
ramic materials, common refractory materials and glasses. Also preferred choices include sili-
con carbide, bentonite, steatite, mullite, kyanite, pumice stone, kieselguhr and kaolin or a com-

bination of two or more thereof. Particularly preferred are a-alumina or y-alumina, or both.

It is further preferred to select the particulated solid material from a group of materials (chemi-
cal elements and their compounds) that have thermal conductivities that fall into either of two
ranges. For the first range, it is preferred if the thermal conductivity is in the range of 0.01
W/m/°C to 8.5 W/m/°C, more preferably in the range of 0.05 W/m/°C to 5 W/m/°C, and fur-
ther preferably in the range of 0.1 W/m/°C to 2 W/m/°C. For the second range it is preferred
if the thermal conductivity is in the range of 10 W/nm/°C to 150 W/m/°C, more preferably in
the range of 11 W/m/°C to 70 W/m/°C, and further preferably in the range of 12 W/m/°C to 25
W/m/°C.

It is preferred that materials in the first thermal conductivity range have a lower chemical reac-

tivity than those in the second range. Examples of particulated solid material that fall into the

first range are inorganic materials such as sand, sandstone, and granite. Particulated solid ma-
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terials that fall into the second range are generally metals, with examples being steel, alumini-

um, and copper. If the particulated solid material is steel, stainless steel is preferred.

It is preferred not to limit the choice of particulated solid material to a single material, but to a
mixture that can comprise any number of the above-mentioned elements and compounds. It is
more preferred to combine one or more particulated solid material from the first thermal con-
ductivity range with one or more particulated solid materials from the second thermal conduc-

tivity range.

In one aspect of the invention, there is no limitation geometric shape for the individual parti-
cles that make up the particulated solid material. E.g., the particulated solid material can have,
to a first approximation, one or more of any of the following shapes: spheres, rings, rods, tab-
lets, brushes, grids, hollow cylinders, and foams, or a combination of two or more of the
above. E.g., the particulated solid material can also be in the form of one or more weaves,
webs, or knits. It is, however, preferred that the particle size distribution of the particulated
solid material is determined by at least one dimension of the tubes, more preferably the diame-

ters of the inner surfaces of the tubes.

It is preferred that the particulated solid material should be gas-permeably arranged and
adapted. The phrase “gas-permeably arranged and adapted” should be understood to mean
that the particulated solid material can be porous, or more preferably, that the particulated solid
material contains volumes through which the product stream can flow. These volumes are
preferably located between, or in, the individual particles that make up the particulated solid
material. They may occur due to the geometric shape of the individual particles. E.g., if the
individual particles are spheres of similar size, then small volumes will be present between the
spheres, even if the spheres are touching each other. E.g., if the individual particles are hollow
cylinders of similar size, then the product stream can flow through the inner volumes of the

cylinders.
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The particulated solid material is commercially available from e.g., Vereinigte Fiillkérper-

Fabriken GmbH & Co. KG, Germany, and Raschig GmbH, Germany.

The liquid cooling aid

According to an aspect of the invention, at least a portion of the outer surfaces of the tubes are
immersed in, and in thermal contact with, a liquid cooling aid. In this aspect it is preferred that
the outer surfaces of at least 50 %, more preferably at least 80 %, and further preferably at
least 95 % of the tubes are in thermal contact with the liquid cooling aid. The phrase “im-
mersed in” should be understood to mean that the liquid cooling aid can flow through the vol-

umes between the tubes.

The liquid cooling aid, functioning as a heat transfer aid, provides a mechanism for regulating
the temperature of the product stream in the tubes, preferably the temperature of the catalyst,
the product stream, or both, in the additional longitudinal portion. The phrase “cooling aid”
should therefore not be taken to mean that the liquid cooling aid is particularly used to cool the
tubes. If necessary, the liquid cooling aid can also be used to heat the tubes. The choice of
liquid cooling aid is not particularly limited, with many options generally known to the person
skilled in the art. A suitable liquid cooling aid in the form of a salt bath is commercially avail-
able from e.g., HEF Durferrit GmbH, Germany. A suitable liquid cooling aid in the form of an

oil is commercially available as e.g., Marlotherm from Sasol GmbH, Germany.

In another aspect of the invention, it is preferred that the further metal plate is in thermal con-
tact with the liquid cooling aid, thereby allowing the temperature of the further metal plate to
be regulated by the liquid cooling aid. The temperature of the further metal plate can optional-
ly be regulated independently from the temperature of the liquid cooling aid. However, such
independent temperature regulation of the further metal plate generally adds unnecessary com-
plexity to the first reactor without adding any benefit to either productivity or safety, while

often also requiring additional maintenance.
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In one aspect of the invention, it is preferred that the first reactor further comprises at least one
inflow-opening through which the liquid cooling aid can flow into the first reactor, as well as
at least one outflow-opening through which the liquid cooling aid can flow out of the reactor.

This allows for a circulation of the liquid cooling aid through the first reactor.

In this aspect it is preferred that the at least one inflow-opening is located closer to the further
metal plate than to the first metal plate, and that the at least one outflow-opening is located
closer to the first metal plate than to the further metal plate. However, in this aspect it is par-
ticularly preferred that the at least one inflow-opening is located closer to the first metal plate
than to the further metal plate, and that the at least one outflow-opening is located closer to the

further metal plate than to the first metal plate.

In a further aspect of the invention, it is preferred that the temperature of the liquid cooling aid
1s regulated outside of the reactor. This can be done using any heating / cooling device gener-
ally known to a person skilled in the art and commercially available by, e.g., Deggendorfer

Werft, Germany.

The second reactor

According to an aspect of the invention, the reactor assembly optionally comprises a second
reactor that is upstream, and in fluid communication with, the first reactor. The second reactor
is used for partially oxidising an aldehyde precursor to a C3 — C¢ aldehyde, with this C3 — Ce

aldehyde being a comprising component of the feed stream that flows into the first reactor.
The preferred C; — Cs aldehyde that is produced is preferably a C; — Ce alkacrolein, and more
preferably methacrolein. Further details of the process for producing the Cs — Cs aldehyde is

described in, e.g., WO 2008/145418 A1 and EP 1 995 232 B1.

It is preferred that the second reactor is also a tube bundle reactor. Thus, any of the embodi-

ments or aspects of the first reactor, preferred or otherwise, or any of the tube bundle reactors
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disclosed in, e.g., DE 30 42 468 A1, DE 100 47 693 Al, and DE 198 06 810 Al also apply to

the second reactor.

The third reactor

According to an aspect of the invention, the reactor assembly optionally comprises a third re-
actor that is downstream, and in fluid communication with, the first reactor. The third reactor
is adapted and arranged for esterifying the product stream produced in the first reactor on a

third catalyst to obtain an ester.

It is preferred that the product stream comprises a Cs — Cg carboxylic acid that is esterified to
obtain an alkyl ester, preferably an alk-alkyl ester, more preferably a meth-alkyl ester and fur-
ther preferred methyl methacrylate.

The third reactor is not particularly limited, and any reactor suitable for esterification can be
used. However, reactors suitable for liquid phase esterification is preferred. More preferred
are reactors suitable for the esterification of a C3 — Cs carboxylic acid to form methyl methac-
rylate. Further details of the esterification process in relation to the present invention can be

found in, e.g., WO 2008/145418 A1 and EP 1 995 232 B1.

Producing the product

If the product is an unsaturated alkyl carboxylic acid, it is preferred to produce the product
using any of the embodiments of the first reactor as disclosed in a previous section. If the
product is an unsaturated alkyl ester, it preferred to produce the product in an esterification
step. It is even further preferred to perform this esterification step using any of the embodi-

ments of the third reactor as disclosed in a previous section.

If the product is a polymer, it is preferred to produce the product by subjecting an unsaturated
alkyl ester to a polymerisation reaction in order to obtain the product in the form of a polymer,
preferably polymethyl methacrylate. The polymerisation is not particularly limited and can be

carried out by any method generally known to the skilled person and appearing suitable, for
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example as described in US 5,292,797, US 4,562,234, US 5,773,505, US 5,612,417, US
4,952455, US 4,948,668, US 4,239,671. Preferred polymerisation methods are radical
polymerisation, initiated by initiators which decompose into radicals under the polymerisation
conditions, whereby the polymerisation is preferably a solution or an emulsion polymerisation,

preferably an aqueous solution polymerisation.

Further details regarding the methods and devices needed to either obtain the product in the
form of an unsaturated alkyl ester or a polymer, or using the unsaturated alkyl ester to produce

the polymer, is discussed in, e.g., EP 1 995 232 B1.

The present invention preferably pertains to a device and method for cooling a product stream
that is produced by the partial oxidation of a C; — Cs aldehyde. Further details of the process
for producing the feed stream comprising the C3 — Cg aldehyde, the partial oxidation steps in-
cluding the partial oxidation to the C; — Cg aldehyde, the esterification step, and any additional
steps that may be required to produce the polymer is disclosed in, e.g., WO 2008/145418 Al
and EP 1 995 232 B1.

Temperature regulation

The partial oxidation of a gaseous feed stream to obtain a first product stream should proceed
in a controlled manner, and according to an aspect of the invention, generally takes place in an
additional longitudinal portion that comprises a solid catalyst suitable for partial oxidation. It
is preferred that the autoxidation that could occur outside the additional longitudinal portion

should be suppressed.

One aspect of the invention is cooling the first product stream when the product stream is not
in contact with the solid catalyst. It is preferred that the cooling takes place in a further longi-
tudinal portion. It is furthermore preferred that the cooling is done at a sufficiently fast rate so

that the requirement R, > R. is satisfied.

-8 -



10

15

20

25

The rate of temperature decrease R, is defined as the rate when the further longitudinal portion
comprises particulated solid material. The rate of temperature decrease R. is defined as the

rate when the further longitudinal portion does not contain particulated solid material.

A rate of temperature decrease, R, is defined as

R = o) = Tlra)

Ax
where T is the temperature, Ax = x2 —x7, and x; and x2 are two points in space. The coordinate
x-axis is arranged parallel to a line that traces the centre of the further longitudinal portion,
with x> downstream to x;. Thus x> > x; and Ax > 0. As the further longitudinal portion can be
located in e.g., a straight tube, or a tube in the shape of an “S”, the variable Ax refers to the
distance that a fluid parcel needs to travel in order to flow through the further longitudinal por-
tion, assuming the flow is laminar. Note that R is defined in such a way that R > 0 when the
temperature decreases from x; to x2. It 1s preferred that x; and x> are the beginning and the end

of the further longitudinal portion, respectively.

The preferred temperature for performing the partial oxidation depends on the comprising
components of the feed stream. It is preferred that the average pressure in the tubes is in the

range of 1 bar to 5 bar.

Controlling the temperature of the first product stream is preferably done by making use of a
liquid cooling aid. It is more preferred that the further longitudinal portion is filled with a par-
ticulated solid material. It even more preferred that the further longitudinal portion is embed-
ded in a further metal plate. It is further preferred that the further metal plate is in thermal con-
tact with the liquid cooling aid. It is even further preferred that the additional longitudinal por-
tion, the further longitudinal portion, the liquid cooling aid, the particulated solid material, and

the further metal plate are located in a first reactor, as described in a previous section.

As an extension to the preferred method of cooling, it is further preferred to either choose a

particulated solid material with a specific thermal conductivity, alternatively increasing the
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length of the further longitudinal portion, alternatively increasing the amount of particulated
solid material in the further longitudinal portion, alternatively controlling the pressure in the
further longitudinal portion, alternatively varying the size of the particulated solid material, or

alternatively, combining any number of these possibilities.

If a particulated solid material is used as the means to achieve R, > R., it is preferred that the
particulated solid material disclosed for the first reactor is used. It is further preferred that the
additional longitudinal portion and the further longitudinal portion are part of the tubes of any

of the disclosed embodiments of the first reactor.

The invention is now illustrated by non-limiting examples and exemplifying embodiments, as

well as figures. Note that the figures are not drawn to scale.

The optional gas cooler

In view of a safe performance of the process, the control and treatment of the gas exiting from
the first outlet is particularly problematic. This reaction gas contains components, especially
methacrylic acid and methacrolein, which tend to decompose or further oxidize. During de-
composition, one molecule of a selected critical component produces two or more molecules
of fission and oxidation products, which is accompanied by an undesirable increase in pres-
sure. Decomposition products like methacrolein, methacrylic acid, CO, CO», acetic acid, ace-
tone or acetaldehyde can be formed. All in all, these negative effects reduce the overall yield
and efficiency of the process. Furthermore, critical conditions can occur due to this pressure
increase. In various publications these effects are referred to as post combustion, blue flame
and autooxidation (see Ingold, 1961, "Inhibition of Autooxidation of organic Substances, EP
30 07 69 or US 3,876,693). The state of the art describes various methods and devices to re-
duce these negative effects, but these proposed solutions are not applicable or insufficient for
the specific problem of methacrolein oxidation to methacrylic acid according to the present
invention.

Therefore, it is especially preferred that the reactor assembly comprises a gas cooler connected

to the first outlet. Herein the gas stream is cooled from a temperature at the first outlet which
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might be in a range of 230 °C to 360 °C to a lower temperature in the range of 160 °C to 280
°C, preferably in the range of 190 °C to 270 °C, and more preferably in the range of 200 °C to
260 °C. By this preferred embodiment of the present invention any post combustion or blue
flame effect can be prevented.

The gas cooler can be located inside or outside the reactor. A characteristic feature of the cool-
er is that it is operated with a cooling medium II which does not correspond to the cooling me-
dium I of the catalyst bed. Preferably a Shell - Tube cooler is used, which is operated with
boiler pressurized water. Here, heat respectively energy is transferred from the reaction gas to
the cooling medium whereby steam might be generated.

The residence time of the gas in the reactor exit chamber and peripery to the cooler is con-
trolled in such a way that the residence time is in a range of 0.1 sec to 10 sec, preferably of 1

sec to 7 sec.

Figures

List of figures

Fig. 1: schematic illustration of the cross-section of the first reactor.
Fig. 2: comprising steps of the method for producing a product.
Figs. 3.1 — 3.5: exemplary temperature profiles in the first reactor. The different profiles cor-

respond to different experimental set-ups.

Description of figures

Fig. 1 shows a schematic representation of the comprising components of a first reactor 100
according to the present invention (drawing not to scale). The figure shows preferred embod-

iments of the present invention, and should therefore not be seen as limiting.
The solid arrows indicate the direction of flow through the first reactor 100. A feed stream

flows into the first reactor 100 through a first inlet 101, and enters tubes 102 through inlet-ends
103 of the tubes 102. As the feed stream flows though the tubes 102, it is partially oxidised to
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a product stream, with the latter exiting the tubes 102 through the outlet-ends 104. The prod-

uct stream then flows out of the first reactor 100 through a first outlet 105.

The tubes 102 have a first longitudinal portion 106. Downstream the first longitudinal portion
is an additional longitudinal portion 107 that is filled with a first solid catalyst (not shown).
Downstream to the additional longitudinal portion 107 is a further longitudinal portion 108 that
is filled with a particulated solid material 109. Furthermore, the first longitudinal portion 106

does not contain any first solid catalyst or any particulated solid material 109.

Fig. 1 shows that the first longitudinal portion 106 and the additional longitudinal portion 107
are adjacent to each other. It is further shown that the latter longitudinal portion is adjacent to
the further longitudinal portion 108. While it is preferred that the aforementioned longitudinal

portions are adjacent to each other, this is not a requirement.

The first longitudinal portion 106 is embedded in a first metal plate 110. Confined by the first
inlet 101 and an outer surface 111 of the first metal plate 110 is an inlet volume 114. The fur-
ther longitudinal portion 108 is embedded in a further metal plate 112. Confined by the first
outlet 105 and an outer surface 113 of the further metal plate 112 is an outlet volume 115. It
can be seen from Fig. | that the first inlet 101, the inlet volume 114, the tubes 102, the outlet

volume 115, and the first outlet 105 are in fluid communication with each other.

Although Fig. 1 shows the first longitudinal portion 106 is completely embedded in the first
metal plate 110, the first longitudinal portion 106 can also extend beyond the first metal plate
110, either into the inlet volume 114, or into the opposite direction, or both. Similarly, the
further longitudinal portion 108 can also extend beyond the further metal plate 112, either into

the outlet volume 115, or into the opposite direction, or both.
A liquid cooling aid 116 circulates through the volumes between the tubes 102, and is in ther-

mal contact with the outer surfaces (not shown) of the tubes 102. The liquid cooling aid enters

and exits the first reactor 100 through openings 117 and 118. The dashed arrows indicate that

-32-



10

15

20

25

30

either of the openings 117 and 118 can be used as the inflow and outflow-openings, thereby
providing a possible means for controlling the direction of circulation of the liquid cooling aid

116.

While Fig. 1 only shows two openings 117 and 118 for the liquid cooling aid 116, the first
reactor 100 can contain any number of openings. Furthermore, these openings can be arranged
anywhere between the first metal plate 110 and the further metal plate 112. E.g., the openings
117 and 118 should be arranged and adapted to not be in fluid communication with the inlet
volume 114 and the outlet volume 115. E.g., if the first reactor 100 has a largely spherocylin-
drical shape, the openings 117 and 118 can be located anywhere on the circumference of the

first reactor 100.

Furthermore Fig. 1 shows that opening 117 is located closer to the further metal plate 112 than
to the first metal plate 110, while opening 118 is located closer to the first metal plate 110 than
to the further metal plate 112. If opening 117 1s used as the out-flow opening and opening 118
is used as the in-flow opening, the direction of circulation of the liquid cooling aid 116 will
largely be towards the left and in an upward direction. It is more preferred to have opening 118
as the in-flow opening and opening 117 as the out-flow opening. In this case of Fig. 1, the
direction of circulation of the liquid cooling aid 116 will largely be towards the left and in an

upward direction.

While Fig. 1 shows the feed stream / the product stream flowing in an upward direction
through the first reactor 100, all possible streamlines through the first reactor fall under the
scope of the present invention. This includes, e.g., an embodiment wherein the first reactor
100 is arranged in such a fashion that the feed stream / the product stream will flow in a

downward direction.
Fig. 2 shows the steps comprised in a method 200 for producing a product in the preferred

form of a) preferably a polymer or b) preferably an unsaturated alkyl carboxylic compound,

more preferably an unsaturated alkyl carboxylic acid or an unsaturated alkyl ester, further pref-
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erably an alk alkyl ester, even more preferably a meth alkyl ester, and in particular preferred

methyl methacrylate.

In the first step 230, a gaseous feed stream that comprises a C3 — C¢ aldehyde, preferably
methacrolein, is provided. In the next step 240, the gaseous feed stream is partially oxidised
on a solid catalyst to obtain a first product stream, with the solid catalyst located in an addi-
tional longitudinal portion. It is preferred that the first product stream comprises a carboxylic
acid, more preferably methacrylic acid. Step 250 involves the cooling of the first product
stream in a further longitudinal portion, with the temperature decreasing at a rate R,. The fur-

ther longitudinal portion comprises a particulated solid material.

Fig. 2 shows that the method can also contain an optional pre-step 220. In this pre-step 220, a
product stream comprising a C3 — Cg aldehyde, preferably methacrolein, is produced from a
feed stream that comprises an aldehyde pre-cursor. The product stream produced in the pre-

step 220 then forms part of the feed stream 230.

In a preferred embodiment, the C; — Ce aldehyde is produced in the pre-step 220 through par-
tial oxidation. Furthermore, the resulting product stream can undergo any number of addition-

al processes, e.g., cooling and purification.

One or more subsequent processing steps 260 are also possible in the method, and may in-
clude, amongst others, in any order, and in any combination, the quenching of the first product
stream 261, the purification of the first product stream 262, the esterification of the first prod-

uct stream 263, and the polymerisation 264 of the ester produced in 263.

Figs. 3.1 — 3.5 show exemplary temperature profiles of a feed stream and a first product stream
in a first reactor. Prior to the start of the partial oxidation, the gaseous mixture that flows into
the first reactor via the first inlet is defined as the feed stream. After the start of the partial

oxidation, the gaseous mixture is defined as the first product stream.
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Shown below the temperature profiles is a tube that has a first longitudinal portion 306, an
additional longitudinal portion 307, and a further longitudinal portion 308. The first longitudi-
nal portion 306 is embedded in a first metal plate 310, while the further longitudinal portion
308 is embedded in a further metal plate 312. The additional longitudinal portion 307 is filled
with a solid catalyst (not shown). Upstream of an inlet-end 303 of the tube is an inlet volume
314. Downstream of an outlet-end 304 of the tube is an outlet volume 315. The arrow indi-

cates the direction of flow through the reactor.

In Figs. 3.1 — 3.5, the temperature profiles are shown for the following components of the first
reactor:

314 : the inlet volume

306 : the first longitudinal portion

307 : the additional longitudinal portion

308 : the further longitudinal portion

315 : the outlet volume

Note that when it is stated that a temperature reaches a constant value, this should be under-
stood to mean constant to a first approximation. The profiles in Figs. 3.1 — 3.5 have the same
qualitative shape. In the inlet volume 314, the temperature of the feed stream remains con-
stant. In the first longitudinal portion 306 there is a marginal increase in the temperature of the
feed stream. In the additional longitudinal portion 307, partial oxidation leads to the tempera-
ture of the first product stream initially increasing sharply to a maximum value, before gradu-

ally decreasing to an end value.

After exiting the additional longitudinal portion 307, the first product stream flows through the
further longitudinal portion 308 and into the outlet volume 315. The behaviour of the tempera-
ture profile in the further longitudinal portion 308 and the outlet volume 315 is determined by
the presence (or absence) of particulated solid material 309. This behaviour will be discussed
in more detail below. Note that in Figs. 3.1 — 3.5, Tuu0 indicates the autoxidation temperature

of the first product stream.
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In Fig. 3.1, the first reactor does not contain any particulated solid material. Shown are two
temperature profiles. The first profile 391 is for a first reactor where the solid catalyst is fresh
(1-month old), and the second profile 392 is for a first reactor where the solid catalyst is used
(2-years old). Both profiles show that there is a slight decrease in temperature in 308. How-
ever, in 315 the temperature remains constant. Fig. 3.1 also shows that the temperature of the
product stream exiting 308 is below 7...0 when the catalyst is fresh, profile 391. However,
when the catalyst has been used, profile 392, the temperature of the product stream exiting 308

is above Tuuo.

In Figs. 3.2 — 3.5, the first reactor contains the particulated solid material 309. The presence of
the particulated solid material 309 leads to the temperature profiles 393 and 394. The profile
393 is for a scenario where a fresh solid catalyst is used, and the profile 394 is for a scenario
where a 2-year old solid catalyst is used. The components in the first reactor that contain the
particulated solid material 309 is explicitly stated in the description of Figs. 3.2 — 3.4, If not

stated, then a component does not contain the particulated solid material.

Fig. 3.2 shows that the first longitudinal portion 306 is filled with the particulated solid materi-
al 309. This leads to a profile 393, with the temperature of the product stream exiting 308 be-

ing below Tauto.

Fig. 3.3 shows that the further longitudinal portion 308 is filled with the particulated solid ma-
terial 309. This results in the profile 394 where the temperature in 308 decreases rapidly, be-
fore reaching a constant value. The temperature remains constant in 315 as well. It should be
noted that the temperature of the product stream exiting 308 is below Tuuo. By contrast, the
dashed line shows that the temperature of the product stream exiting 392a is above Tuurw, Where
392a corresponds to the scenario with the conditions described for the solid line 392 in Fig. 3.1

above.
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Fig. 3.4 shows that the further longitudinal portion 308 is filled with the particulated solid ma-
terial 309. Fig. 3.4 further shows that the outlet volume 315 contains multiple layers of the
particulated solid material 309. This results in the profile 394. More specifically, the tempera-
ture in 308 decreases rapidly, before reaching a constant value. However, in contrast to Fig.
3.3, the temperature again decreases rapidly in 315, before reaching a constant value. The

temperature of the product stream exiting 308 is also below Turo.

The set-up in Fig. 3.5 is similar to that of Fig. 3.4, except that the outlet volume 315 contains
only a single layer of the particulated solid material 309. The main difference between profile
394 in Fig. 3.4 and profile 394 in Fig. 3.5 is that the temperature decrease in 315 is more grad-
ual in the latter scenario. In Fig. 3.5, the temperature of the product stream exiting 308 is also

beIOW Tauro.

Test methods
Unless otherwise stated, all test methods that are not related to measuring the properties of a

fluid are performed at a temperature of 25 °C and a pressure of 1 Atmosphere.

Length
The length of a tube or a longitudinal portion of a tube (either the first longitudinal portion, the

additional longitudinal portion, or the further longitudinal portion) is measured along an imag-

inary line that traces the centre of the tube or the centre of the longitudinal portion of the tube.

Thickness of a layer

The thickness of a layer of particulated solid material in the inlet volume or the outlet volume
can be measured using a ruler. The thickness is measured by placing one end of the ruler at
the outlet-end of a tube. Furthermore, the ruler is held parallel to the tube. To obtain the aver-
age thickness, the thickness is measured at the outlet-ends of 5 % of the tubes.

Mass
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The mass of the first solid catalyst or the particulated solid material can be measured using any

commercially available scale.
Particle size
The size of the particles making up the particulated solid material is measured according to the

standard BS 1796-1:1989. For the sieving analysis, at least 6 sieves are employed.

Specific geometric surface area

Geometric surface area determines the outer surface of an item. E.g. in case of a sphere 6 is

divided by the diameter of the sphere.

Free volume

A container of known volume is filled with the particulated solid material. Water is then add-
ed to the container, until the container is filled with water. The volume of the water added to
the container is divided by the volume of the container, and then multiplied by 100. This gives
the free volume of the particulated solid material as a percentage. Many suitable containers
are known to a person skilled in the art, and any container deemed suitable may be used.
Many methods of measuring the volume of water added to the container are known to a person

skilled in the art, and any method deemed suitable may be used.

Temperature

The temperature of the product stream is measured along a tube using a thermocouple placed
at the centre of the tube. The thermocouple extends over the length of the tube. The thermo-
couple is also able to measure the temperature at 20 points in the tube. The temperature of the
liquid cooling aid is also measured using a thermocouple. The thermocouple is placed at the
opening though which the liquid cooling aid flows into the first reactor. Suitable thermocou-

ples are well known to one skilled in the art, and are also commercially available.

Pressure
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The pressure is measured in the inlet volume and the outlet volume. The pressure drop is
therefore defined as the drop in pressure between the inlet volume and the outlet volume. The
pressure is measured using a pressure load cell. Such measuring instruments are well known

to one skilled in the art, and are commercially available.

Velocity (GHSV)

The mass flow rate is measured using a mass flow meter. Such measuring instruments are well
known to one skilled in the art, and are commercially available. From this measurement the

GHSYV can be calculated. This calculation is well known to one skilled in the art.

Thermal conductivity

The thermal conductivities of suitable particulated solid material can be found in textbooks

such as the Handbook of Chemistry and Physics, 56" edition (1975).

Chemical composition

The chemical composition is determined by gas chromatography. The measurement is made
in the inlet volume and the outlet volume. The methods and devices for making these meas-

urements are well known to one skilled in the art.

Examples

A number of experiments were performed, wherein the distribution of the particulated solid
material in the first reactor was varied. Apart from the aforementioned difference, all of the

experiments have the same initial set-up, as described in the following section.

Initial set-up

A feed stream is fed into a tube bundle reactor commercially obtained from Deggendorfer
Werft, Germany. The feed stream is partially oxidised along additional longitudinal portions
that contain a first solid catalyst to obtain a product stream comprising methacrylic acid. The

choice for the first solid catalyst is described in WO 2019/141203 Al.
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The feed stream flowing into the first reactor has a temperature of 235 °C, and a gas hourly
space velocity of 1000 Nm?/m’h. The average pressure in the tubes is in the range of 1.25 to

2.5 bar. Furthermore, the composition of the feed stream is given in Table 1.

Table 1: composition of the feed stream

Component Mol [%] PPM
Methacrolein 3.5

Methacrylic acid 0.1

0)] 9.1

HO 15.3

N2 69.6

COs 2.7

Acetic acid 0.2

Terephthalic acid 10
MoOx 0.002

Each of the tubes in the tube bundle reactor has a first longitudinal portion, an additional longi-
tudinal portion, and a further longitudinal portion. The average length of the first longitudinal
portions is 120 mm, the average length of the additional longitudinal portions is 3900 mm, and
the average length of the further longitudinal portions is 150 mm. Furthermore, the first longi-
tudinal portion is adjacent to the additional longitudinal portion, which in turn is adjacent to

the further longitudinal portion.

For each of the tubes, the following also applies: the entire length of the additional longitudinal
portion is filled with the first solid catalyst. The mass percentage of the first solid catalyst con-
tained in the additional longitudinal portion is 99 wt-%, based on the total mass of the first
solid catalyst contained in the tube. Furthermore, the mass of the first solid catalyst in a tube
does not vary by more than 2 % from the average mass calculated for all the tubes. Note that
the average mass is calculated by taking into account the mass of the first solid catalyst in all

the tubes of all the experiments.
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The first reactor also has a first metal plate and a further metal plate. The first metal plate and
the further metal plate both have a thickness of 100 mm. Furthermore, the first metal plate and
the further metal plate are both in thermal contact with a liquid cooling aid. The liquid cooling

aid is a salt bath that is commercially available from HEF Durferrit GmbH, Germany.

The reactor has two openings for allowing the liquid cooling aid to flow into, and out of, the
reactor. The in-flow opening is located closer to the first metal plate than to the further metal
plate, while the out-flow opening is located closer to the further metal plate than to the first
metal plate. The temperature of the liquid cooling aid flowing into the reactor is regulated to

have an average value of 290 °C.
The particulated solid material used is aluminium oxide, with the size distribution of the par-
ticulated solid material being in the range of 3 mm to 7 mm. The particulated solid material is

commercially available from Vereinigte Fiillkérper-Fabriken GmbH & Co. KG, Germany.

Distribution of the particulated solid material

For the different experiments the distribution of the particulated solid material in the first reac-
tor was varied. For all the experiments, the inlet volume contains no particulated solid materi-
al. Furthermore, the mass percentage of the particulated solid material in the additional longi-
tudinal portion of a tube is less than 1 wt-%, based on the total mass of the particulated solid

material in the tube.

For the different experiments, the particulated solid material is distributed through the first
reactor as follows:
1. no particulated solid material in either the first longitudinal portion, the further longitu-
dinal portion, or the outlet volume;
2. particulated solid material in the first longitudinal portion, but not in the further longi-
tudinal portion, or the outlet volume;
3. particulated solid material in the further longitudinal portion, but not in the first longi-

tudinal portion or the outlet volume;
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4. particulated solid material in the further longitudinal portion and the outlet volume, but
not in the first longitudinal portion. The thickness of the layer of particulated solid ma-
terial in the outlet volume is 250 mm.

5. particulated solid material in the further longitudinal portion and the outlet volume, but
not in the first longitudinal portion. The thickness of the layer of particulated solid ma-

terial in the outlet volume is 50 mm.

The following also applies to all experiments: when the first longitudinal portion or the further
longitudinal portion contains particulated solid material, then the entire length of the applicable
longitudinal portion is filled with the particulated solid material. Furthermore, the mass of the
particulated solid material in a tube does not vary by more than 2 % from the average mass
calculated for all the tubes. Note that the average mass is calculated by taking into account the

mass of the particulated solid material in all the tubes of all the experiments.

When particulated solid material is placed in the outlet volume, as in Experiments 4 and 5, the
particulated solid material is poured randomly over the further metal plate, and then levelled so
that the thickness of the layer of particulated solid material in the outlet volume is, to a first
approximation, constant. Furthermore, the particulated solid material in the outlet volume is in

the form of spheres with a diameter of 5 mm.

Experimental results

The results for the experiments are summarised in Table 2. Table 2 also indicates whether the
particulated solid material is present in a given part of the first reactor. Note that both Experi-
ment 4 and Experiment 5 contain particulated solid material in the outlet volume. However,

the amount in Experiment 4 is more compared to the amount in Experiment 5.

Note that the results are for a first solid catalyst that has been in operation for 2 years. The
exceptions are Experiments la and 2, which both show the results for a fresh catalyst. Fur-
thermore, Table 2 also indicates the number of the accompanying figure exemplifying the

temperature profile of the feed stream / product stream in the first reactor.
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Table 2: the distribution of the particulated solid material in the first reactor, as well as a com-

parison of the experimental results.

Example la 1b 2 3 4 5
Contains particulated solid material
Inlet volume - - - - - -
First longitudinal portion - - Yes - - -
Additional longitudinal portion - - - - - -
Further longitudinal portion - - - Yes Yes Yes
Outlet volume - - - - More Less
Catalyst Fresh Used Fresh Used Used Used
Experimental results
Tour < Tawo Yes No Yes Yes Yes Yes
Tou (°C) 309.5 320.3 309.2 309.4 305.7 309.6
R (°C/cm) 0.08 0.09 0.08 0.95 0.92 0.93
Downtime 1 4 5 1 3 2
Safety 1 3 3 1 3 1
Yield difference (%) - -0.5 -3.1 +1.5 -1.4 +0.6
AP (mbar) 250.9 254.1 262.8 261.5 272.3 264.1
Temperature profile shown in Fig. 3.1 (dotted) 3.1 3.2 33 34 3.5
(straight)

Regarding the results shown in Table 2, the following should be noted:

® Tou < Tumo: indicates whether the temperature in the outlet volume 7. is below the au-

ranked, with 1 indicating the least downtime, and 5 indicating the most downtime.

5
toxidation temperature 7uuzo.
10 o
[ ]
longitudinal portion.
[ ]
15 o

being the safest, and 5 being the least safe.
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Tour: the temperature of the product stream in the outlet volume.

Downtime: the downtime required when running the first reactor.

R: the rate at which the temperature of the product stream decreases in the additional

The results are

Safety: indicated how safely the first reactor can be run. The results are ranked, with 1




o Yield difference: the yield of Experiment la, wherein no particulated solid material is
present in the reactor, is used as a baseline. Positive values indicate an increase in

yield, and negative values indicate a decrease in yield, when compared to the yield of
Experiment 1b.

e AP: the decrease in pressure between the inlet volume and the outlet volume. A small-
er value is preferred.
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1.

CLAIMS

A reactor assembly arranged in fluid communication comprising a first reactor for the
partial oxidation of a C3 — Cs aldehyde, the first reactor comprising as reactor compo-
nents
a) a first inlet;
b) downstream the first inlet an inlet volume;
¢) downstream the inlet volume a first metal plate;
d) downstream the first metal plate a further metal plate;
e) downstream the further metal plate an outlet volume;
f) downstream the outlet volume a first outlet;
g) a plurality of tubes with a tube length, wherein each of the tubes
(1) 1s located between the inlet volume and the outlet volume,
(11) comprises an inlet-end,
(111) comprises an outlet-end,
(iv) comprises an outer surface,
(v) comprises an inner surface,
(vi) comprises an inner volume confined by the inner surface of the tube;
and wherein at least 50 % of the tubes each
[I] comprise a first longitudinal portion, wherein the first longitudinal por-
tion is positioned in the first metal plate,
[Il] comprise an additional longitudinal portion, wherein the additional lon-
gitudinal portion
(a) 1s arranged downstream the first longitudinal portion, and
(b) comprises a first solid catalyst,
[II] comprise a further longitudinal portion, wherein the further longitudinal
portion
A) is arranged downstream the additional longitudinal portion,

B) is positioned in the further metal plate,
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C) comprises an inert particulated solid material, wherein the partic-
ulated solid material
(I) is adapted and arranged to dissipate heat,
(IT) 1s gas-permeably adapted and arranged;

h) a liquid cooling aid, wherein a portion of the outer surfaces of the tubes are ar-
ranged and adapted to be contacted with the liquid cooling aid, with the portion
being at least 50 % of the length of the additional longitudinal portion;

and wherein,
an average thickness of any layer comprising the particulated solid material present in the
outlet volume, the inlet volume, or both, is less than 10 % of the average length of the fur-

ther longitudinal portions.

The reactor assembly according to claim 1, wherein at least one or all of the following
applies:

a) the mass percentage of the particulated solid material present in the first longi-
tudinal portion is less than 5 wt-%, based on the total mass of the particulated
solid material contained in the tube;

b) the mass percentage of the first solid catalyst contained in the first longitudinal
portion is less than 5 wt-%, based on the total mass of the first solid catalyst

contained in the tube.

The reactor assembly according to any of the preceding claims, wherein at least 30 %

of the length of the further longitudinal portions is embedded in the further metal plate.

The reactor assembly according to any of the preceding claims, wherein the further

longitudinal portions are in thermal contact with the further metal plate.

The reactor assembly according to any of the preceding claims wherein the further met-

al plate is in thermal contact with the liquid cooling aid.
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10.

11.

The reactor assembly according to any of the preceding claims, wherein at least one or
all of the following applies:

a) the mass percentage of the first solid catalyst contained in the additional longi-
tudinal portion is more than 50 wt-%, based on the total mass of the first solid
catalyst contained in the tube;

b) the ratio of a mass of the solid first catalyst to a mass of the particulated solid
material, both contained in the further longitudinal portion, is 1:x, where x is at

least 10. Here x represents the mass of the particulated solid material.

The reactor assembly according to any of the preceding claims, wherein the particulat-
ed solid material comprises one or more components selected from the group consist-

ing of metals and metal oxides.

The reactor assembly according to any of the preceding claims, wherein the particulat-
ed solid material has at least one or all of the following physical properties:

a) thermal conductivity in the range of 0.01 W/m/°C to 500 W/m/°C;

b) specific geometric surface area in the range of 20 m*/m’ to 2000 m*/m’;

c¢) free volume in the range of 24 % to 99 %; or

d) particle size distribution in the range of 0.01 mm to 100 mm.
The reactor assembly according to any of the preceding claims, wherein the first metal
plate, the further metal plate, or both, have independently from each other a thickness

in the range of 10 mm to 300 mm.

The reactor assembly according to any of the preceding claims, wherein the reactor

assembly comprises a gas cooler connected to the first outlet.

A method for producing a product, wherein the method comprises the following pro-

cess steps:
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12.

13.

14.

15.

16.

a) providing a gaseous feed stream, wherein the feed stream comprises an C; — Cg
aldehyde;

b) partially oxidising the C3 — Cs aldehyde in the feed stream in the presence of a
solid catalyst to obtain a first product stream comprising a partial oxidation
product, wherein the partial oxidation is performed along an additional longitu-
dinal portion, and

¢) cooling the first product stream along a further longitudinal portion, wherein

(1) the further longitudinal portion comprises a particulated solid material,
(i1) the temperature of the product stream in the further longitudinal portion
decreases at a rate R,; and
wherein

R, is larger than a rate of temperature decrease R., wherein the rate R, is for a sce-

nario where the further longitudinal portion does not comprise the particulated sol-

1d material.

The method according to claim 10, wherein R, is at least 2 times larger than R..

The method according to any of the claims 11 to 12, wherein the rate R, is in the range

0of 0.1 °C/cmto 5 °C/cm.

The method according to any of the claims 11 to 13, wherein the temperature of the
first product stream that exits the further longitudinal portion is below the autoxidation

temperature of the first product stream.

The method according to any of the claims 11 to 14, wherein the temperature of the
first product stream that exits the further longitudinal portion is in the range of > 230
°C to 360 °C.

The method according to claim 15, wherein the product stream that exits the first outlet
is fed into a gas cooler and wherein the temperature of the product stream that exits the

gas cooler is in the range of 160 °C to 280 °C.
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17.  The method according to any of the claims 11 to 16, wherein the product is methacrylic

acid or methyl methacrylate.
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